Abstract-The structure of interphase boundaries in hard alloys fabricated by the explosive compacting of the powder mixtures of chromium carbide (Cr 3 C 2 ) and titanium is investigated. It is established by electron microscopy that similar boundaries have thicknesses of about 100 nm, over the extension of which a smooth variation in chromium and titanium contents is observed at the almost identical carbon concentration. The boundary structure is nonuniform over the thickness, notably, a layer with a thickness of 5-7 nm and an amorphous structure is revealed between two crystalline interlayers. It is shown that the revealed layers are the layers of specific "boundary phases" not corresponding to any phase of the equilibrium phase diagram of the Cr-C-Ti system.
INTRODUCTION
The use of explosive compacting of the powders provides considerable rates of plastic deformation of treated materials, high pressures, and an extremely short (~10 -6 s) formation duration of the compound between them, which makes it possible to fabricate hard alloys made of powder components such as chromium carbide and titanium [3] , which cannot form the compound by traditional methods [4] .
According to occurring notions, such a compound is formed completely in the solid phase (without melting) according to the three-stage topochemical reaction mechanism [2] .This is accompanied by the formation of a strong surface of the compound or a boundary providing (as applied to the case of compound of diverse materials) the mechanical integrity of the composition despite the jumplike variation in the chemical composition when passing from one its element to another one [5] . From the viewpoint of the correspondence of the crystalline structure of both phases on both sides of this boundary, it can be coherent, semicoherent, or incoherent. The thickness of this boundary as the surface separating the lattices of contacting phases should be recognized infinitely small if we do not take into account local distortions associated with elastic stresses in its immediate proximity.
However, it should be noted that, in recent years, in connection with the intense development of precision investigation methods of materials, primarily high-resolution transmission electron microscopy (HR-TEM), high-resolution scanning electron microscopy (HR-SEM), and electron probe microanalysis, it become possible to investigate the boundaries more deeply (right up to the visualization of separate atomic rows), which makes, if not the revision, then at least the essential reconsideration of classical notions on their atomic structure topical.
The use of listed methods for revealing the fine structure of large-angle grain boundaries in singlephase polycrystalline materials showed that they are rather thick (several tens of angstroms), being different by their structure relative to crystals lying on both sides of the boundary [6] . In this case, we can speak about
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the so-called grain-boundary phase [7] as a certain new state of substance differing in principle from known ones [8] .
The atomic structure of the grain-boundary phase is disputable. The analysis of occurring viewpoints [9] allows us to conclude that we can expect its both completely or partially disordered structure (gaslike and quasi-liquid or amorphous) [10] [11] [12] and its completely ordered (crystalline) structure [13] . Certain authors believe that we can observe grain boundaries having both ordered and disordered segments in the same material [14] .
There are extremely few publications devoted to interphase boundaries formed in composite materials during explosive treatment. However, they evidence that the principles formulated when studying the materials fabricated by other methods most likely conserve their topicality from the viewpoint of the atomic description of the boundary structure.
For example, when studying the surface of the titanium-steel compound formed by explosive welding, an interlayer less than 200 nm thick was found. It has a structure close to amorphous and the chemical composition, at %, is 80-56 Ti and 20-44 Fe [15] . This fact evidences that the grain-boundary phase can have not only its proper crystalline structure, but its own chemical composition as well, which is intermediate compared with the composition of phases forming the interphase boundary.
This study was aimed at investigating the chemical composition and fine structure of interphase boundaries in hard alloys fabricated by the explosive compacting of the carbide powder mixtures with a metallic binder.
EXPERIMENTAL
As the object of investigation we used hard alloy of chromium carbide (Cr 3 C 2 ) with titanium ( Fig. 1 ) fabricated by explosive compacting of the initial powder mixture without sintering. The compacting mode provided the formation of a strong bond between the mixture components in the absence of a bulk chemical interaction between them [3] .
For a more detailed consideration of the variants of the possible microchemical interaction on the boundaries of initial phases with the use of the Thermo-Calc 5 software complex, we constructed the polythermal join of the Cr-C-Ti ternary system corresponding to the Cr 3 C 2 -Ti quasi-binary system [4] .
To investigate the actual distribution of elements and the structure of the boundaries, we used a Tecnai G2 20F transmission electron microscope (an accelerating voltage up to 200 kV and resolution of 0.19 nm) and a Titan 80-300 high-resolution electron microscope (an accelerating voltage up to 300 kV and resolution of 0.14 nm). The samples were prepared using a Qaunta 3D FEG multifunctional scanning electron microscope with an integrated system of the focused ion beam (a cut width of 20-100 nm) according to the procedure [16] , which included the creation of a thin cross section of the sample in the zone of the boundary, the extraction of the foil from it, and its subsequent thinning by the electron beam by a thickness of 100-150 nm. 
RESULTS AND DISCUSSION
The analysis of the polythermal join of the Cr-C-Ti ternary system, which was constructed by the methods of computer thermodynamic modeling and corresponded to the Cr 3 C 2 -Ti quasi-binary system (Fig. 2) showed that no any ternary phases are formed in it and no chemical interaction of Ti and Cr with the formation of the Laves phases (σ-phases) was observed in the concentration range under study. The join structure allows us to believe that the interaction of initial components of the powder mixture can in principle lead to the formation of alternating layers of stable phases Cr 7 C 3 , Cr 23 C 6 , and TiC on the interface between Cr 3 C 2 and Ti and, correspondingly, to the stepped variation in concentrations of carbon, chromium, and titanium over the boundary thickness.
The investigation into the structure of in-fact fabricated hard alloy showed that the boundary of the compound of chromium carbide with titanium is actually a well-distinguishable interlayer from 80 to 100 nm thick (Fig. 3a) . However, the analysis of the distribution of chemical elements of the alloy over its thickness acquired applying the methods of X-ray energy dispersive spectroscopy (EDS) in the transmission scanning mode (Fig. 3b) allows us to conclude that the characteristic feature of this interlayer is a smooth and continuous variation in its chemical composition from the maximally possible content of one metal to the maximally possible content of another one. The carbon concentration overall the interlayer cross section remains almost invariable (Fig. 4) .
These regularities do not correspond to abovedescribed classical notions on the possible character of the interphase interaction between chromium carbide and titanium. Therefore, similarly to the authors of [7] [8] [9] [10] [11] [12] [13] [14] , we propose seeing the specific structural formation in the revealed interlayer. However, it is our opinion that it is impossible to use the term "grainboundary phase" in this case because of certain important features of this formation caused by the fact that the studied boundaries, in contrast to usual grain boundaries, separate different phases.
A stress consideration of a fine structure of revealed interlayers (see Fig. 3 ) shows that at least two zones, which differ both from one another and from main alloy phases by the electron-optical density and fragmentation of the submicrostructure, are well distinguishable over their thickness.
The application of the HR-TEM methods allowed us to establish that a thin (~5-7 nm thick) interlayer having an atomic structure close to amorphous one is in turn arranged between the described zones (Fig. 5) .
The general appearance of the electron diffraction pattern recorded from the foil segment corresponding to the boundary between the carbide and metallic phases in explosion-synthesized materials in the hard alloy of the Cr 3 C 2 -Ti system evidences in favor of described notions on the structure of such interfaces (Fig. 6) .
The diffraction pattern contains in this case (i) strong crystalline reflections apparently associated with coarse crystallites of the carbide phase;
(ii) Debye rings consisting of a series of weak reflections and evidencing the polycrystalline structure of the metallic matrix and, possibly, the zones of the boundary phases having the crystalline structure;
(iii) the diffuse ring characteristic of the amorphous state of the substance in the mid part of boundary-phase interlayers. CONCLUSIONS (i) Interphase boundaries in the composites fabricated by explosive compacting of the powders in the modes, making it possible to attain a strong bond between the components of materials in the absence of the chemical interaction between them, have a finite thickness of the order of 100 nm, overall which the alloy composition smoothly varies from the composition of one component to the composition of the second one.
(ii) The crystalline structure of interphase boundaries is complex; notably, two rather thick crystalline interlayers with the summary thickness almost equal to the total boundary width are revealed along the boundaries and a thin (right down to 5-7 nm) interlayer having the amorphous structure is arranged between them.
(iii) Taking into account the nonuniformity of the chemical composition and crystalline structure revealed at the interfaces between the components of composite materials, it is methodically incorrect to speak about the "boundary phase" along the interphase boundaries (in contrast with the grain boundaries in the single-phase alloys). A stable totality of several boundary phases, the composition and structure of which apparently depend both on the chemical composition and on the crystallographic orientation of the grains of each phase arranged on both side of the interphase boundary, should be considered in this case.
